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Summary. Within the scope of the OCEANET-Project (autonomous measurement 
platforms for energy and material exchange between ocean and atmosphere) on 
board of the research vessel (RV) Polarstern clouds have been investigated over the 
Atlantic Ocean under different atmospheric conditions and climate zones by active 
and passive remote sensing. An existing measurement platform, including lidar, 
microwave radiometer, all sky camera and broadband radiation sensors, has been 
extended by spectral radiation measurements with the COmpact RAdiation 
measurements System (CORAS). CORAS measures spectral downward radiances 
and irradiances in the visible to near-infrared wavelength region. The data were 
corrected to consider the movements of the ship and with it the misalignment of the 
sensor plane from earth’s horizon. Using observed and modeled spectral transmitted 
radiances cloud properties such as cloud optical thickness ( ) and effective radius    
( effr ) were retrieved. The vertical cloud structure with limitations for thick clouds is 
obtained from lidar and microwave radiometer measurements. The all sky camera 
provides information on the horizontal cloud variability. Cloud optical thickness and 
effective radius, will be retrieved by using a plane parallel radiative transfer model 
and a new spectral 3D retrieval method.  
Zusammenfassung. Im Rahmen des OCEANET-Projektes (autonome 
Messplattform zur Bestimmung des Material- und Energieaustauschs zwischen 
Ozean und Atmosphäre) wurden Wolken über dem Atlantischen Ozean unter 
verschiedenen atmosphärischen Bedingungen und Klimazonen an Bord des 
Forschungsschiffes Polarstern durch aktive und passive Fernerkundung untersucht. 
Die bereits existierende Messplattform (Lidar, Mikrowellenradiometer, 
Vollhimmels-Kamera, Standardmeteorologie und breitbandige Strahlung) wurde mit 
einem Spektrometersystem (CORAS) erweitert. CORAS misst spektrale 
abwärtsgerichtete Irradianzen und Radianzen im Wellenlängenbereich 350-2000 
nm. Die Daten werden in Bezug auf die Schiffsbewegungen, sowie die horizontale 
Abweichung der Sensorebene lagekorrigiert. Mit beobachteten und modellierten 
Radianzen werden Wolkenparameter, wie die optische Dicke ( ) und der effektive 
Radius ( effr ) abgeleitet. Die vertikale Wolkenstruktur (mit Beschränkungen für 
dicke Wolken) wird von Lidar- und Mikrowellenradiometer erhalten. Die 
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Vollhimmelskamera liefert Informationen über die horizontale Wolkenverteilung. 
Die Wolkenparameter werden mit einem plan-parallelem Strahlungstransfermodell 




To understand the interaction between clouds and solar radiation within the climate 
system ground-based observations with high temporal and spatial resolution are required. 
In the framework of the OCEANET-project (autonomous measurement platform for 
material and energy exchange between ocean and atmosphere) a measurement container 
was developed which is planned to be operated on freight and research vessels (Macke et 
al., 2010). The container combines several measurement techniques of passive and active 
remote sensing applications to provide data of different cloud scenes over ocean in three 
climate zones in both the northern and southern hemispheres. The measurements reported 
here were performed during the Atlantic transfers aboard the German research vessel 
(RV) Polarstern. Spectral radiation measurements were used to obtain cloud 
microphysical properties such as cloud optical thickness   and effective radius effr
applying a new spectral 3D cloud retrieval method. Furthermore, the results of different 





The OCEANET-Atmosphere container consists of several instruments. A microwave 
radiometer HATPRO (Humidity and Temperature PROfiler) provides atmospheric 
vertical profiles of temperature, humidity and liquid water path (Zoll, 2012). A full sky 
imager (Kalisch and Macke, 2008; Kalisch, 2011) determines the cloud coverage and 
cloud type. For daytime every 15 seconds a picture is taken. Pyrano- and Pyrgoemeter 
were used to obtain the solar and terrestrial downward broadband irradiance (Macke et 
al., 2010). A multi wavelength Raman lidar Polly
XT
 (Althausen et al., 2009; Kanitz et al., 
2011) measured vertical profiles of the particle extinction coefficient and aerosol 
microphysical properties. Spectral radiation measurements were performed with the 
COmpact RAdiation measurement System (CORAS). This instrument consists of two 
optical inlets to measure downward spectral irradiance and radiance; both inlets were 
mounted on the roof of the container. The inlets are connected via optical fibers to a 
system of spectrometers. For measurements in the visible (VIS: 350-1000 nm) and near 
infrared (NIR) spectral range (950-2200 nm). The spectral resolution is 2-3 nm in VIS 
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Spectral Cloud Retrieval 
 
For ground-based observations the information of transmitted radiances through the 
atmosphere is used to retrieve cloud optical properties. But the relationship between 
spectral radiance and optical thickness and effective radius is not as straightforward with 
transmissivity. On the on hand there is no sensitivity to effr in the visible range and less in 
the NIR range. However, transmitted radiance first increases with increasing optical 
thickness to a value of 5 (depending on solar zenith angle) and then decreases to an 
asymptotic value which leads to an ambiguous retrieval (not shown here).  
The use of the spectral information of optical properties could provide more information 
on optical thickness and effective radius. By finding the best match between pre-
calculated and observed radiances cloud properties are retrieved. With the plane-parallel 
radiative transfer model package libRadtran (Mayer and Kylling, 2005) the transmitted 
radiance 
 
at sea level 
 
is calculated. Further observations made on Polarstern (e.g., 
radiosonde data, temperature, wind field) were used as an additional model input. The 
radiative transfer calculations were performed for an ocean surface albedo and a liquid 
water cloud with different values of optical thickness and effective radius. The optical 
thickness was varied from 1 to 80 at an interval of 1. The effective radius ranges from 1 
µm to 25 µm in steps of 1 µm. The calculations were performed over the full wavelength 




Fig. 1: Coalbedo, asymmetry parameter and extinction coefficient for liquid water 
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Spectral optical properties of liquid cloud droplets such as single scattering albedo 0
~ , 
extinction coefficient extb  and asymmetry parameter g  were calculated for an effective 
radius ranges from 5 µm to 30 µm in steps of 1 µm using Mie calculations (Mayer and 
Kylling, 2005) assuming a gamma droplet size distribution. Figure 1 shows the coalbedo (
0
~1  , measure for absorption), asymmetry parameter (first moment of scattering phase 
function) and the extinction coefficient over the spectral range at four values of effective 
radius. As cloud droplet absorption increases, the coalbedo increases with increasing 
effective radius and varies over several orders of magnitude. According to increased 
foreward scattering with droplet size also asymmetry parameter and extinction coefficient 
increases. The spectral shapes of these parameters have a direct influence on 
transmissivity (McBride et al., 2011). With these parameters an input optical property file 
was modeled for each value of effective radius across the wavelength range.  
 




















where the indices ‘mod’ refers to the model results and ‘obs’ to the observations. To 
consider the current position of the sun the cosine of solar zenith angle 0 is used along 
the cruise track and the incoming solar irradiance at the top of atmosphere (TOA).  
 
 
Fig. 2: Modeled spectral transmissivity of a liquid water cloud for different values of 
effective radius (solid lines for 5 µm, dashed lines for 25 µm) and optical thickness (grey 
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Figure 2 shows the modeled spectral transmissivity for a liquid water cloud with 
different values of optical thickness and two values of effective radius (5µm: solid lines 
and 25µm: dashed lines). The shaded areas illustrate constant values of optical thickness. 
The calculation was performed for a solar zenith angle of 40° and an ocean surface 
albedo. Largest transmissivity occurs at an optical thickness of 5 and decreases with 
increasing optical thickness. At wavelengths shorter than about 1100 nm the dominant 
process is scattering. Larger droplets with larger asymmetry parameters results in stronger 
forward scattering, and thus in larger transmissivity. With increasing effective radius 
transmissivity decreases because of increasing cloud droplet absorption. The crossover 
between these opposing effects occurs at wavelength range 1100 nm and 1400 nm 
depending on the magnitude of cloud droplet absorption. Especially in the NIR range 
between 1560 nm and 1670 nm the differences between 5 µm and 25 µm are largest and 
results in an enhanced sensitivity to effective radius. Furthermore, absorption bands of 
different atmospheric gases (O3, H2O and O2) are represented in the modeled spectral 
transmissivity. 
 
The new spectral 3D retrieval uses the information of transmissivity or ratios at different 
wavelengths. These wavelengths have to be chosen outside of bands with strong 
molecular absorption. By using ratios of transmissivity retrieval errors are reduced. A 
combination of the ratio of transmissivity at 450 nm to 680 nm 680mod,450mod, TT  (dependent 
on optical thickness), the ratio of transmissivity at 1670 nm to 1560 nm 1560mod,1670mod, TT
(dependent on effective radius) and the ratio of transmissivity at 1050 nm to 1250 nm 
1250mod,1050mod, TT (mainly dependent on optical thickness and less sensitive to effective 
radius) provides information on both cloud properties. Figure 3a and 3b shows a 3D look 
up table for a water cloud with different microphysical properties based on the model 
results from figure 2. Lines of different effective radius and optical thickness are clearly 
separated. Furthermore, the retrieval ambiguity is removed. Figure 3b is a zoom into 
figure 3a for smaller optical thicknesses. Adding the ratio 680mod,450mod, TT  provides more 
sensitivity to optical thickness lower than 5 so that they can be distinguished from larger 
ones. For smaller optical thickness the proportion of Rayleigh scattering is larger, and 
thus a typical slope in the VIS range is obvious and provides the information on both 
microphysical properties. The knee of the surface conforms to the largest values of optical 
thickness and depends on the solar zenith angle.  
To retrieve microphysical properties from observation at time j  the best match between 
the modeled and observed transmissivity is inferred by finding the minimum of a 
minimum function jrf ),( eff : 
 
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which is the sum of the difference between observed and all modeled transmissivity at 
680,obsmod/450,/obsmod TT , the ratio 1560,/obsmod1670,/obsmod TT  and the ratio 780/obs,mod870,/obsmod TT  for the 
entire value range of  and effr .   
 
 
Fig. 3: 3D look up table for water clouds using modeled transmissivity at solar zenith 
angle of 40° and an ocean surface albedo. Dashed lines represent different values of 
optical thickness and colored lines different values of effective radius.(a)3D look up table 
for optical thickness larger than 5, (b) for optical thickness lower than 5. 
 
 
Observations over the Atlantic Ocean 
 
During three Atlantic transfer cruises of RV Polarstern (ANT-XXVII/4, ANT-XXVIII/5 
and ANT-XXIX/1) data were collected between Cape Town (South Africa) – 
Bremerhaven (Germany) and Punta Arenas (Chile) – Bremerhaven (Germany), 
respectively. Cruise plots and details of all three transfers (El Naggar, 2011; Bumke, 
2012, Auel, 2013) are shown in figure 4.  
The plane-parallel radiative transfer model and Mie calculations applied in this study 
restricts only to liquid water clouds. For the case study in this paper a time series from 
ANT-XXVIII/5 on 6 May 2012 from 9:45 to 10:30 UTC was used. During this time, 
Polarstern was passing the Canary Islands. 
 
(a) (b) 
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Fig. 4: Cruise plots of ANT-XXVII/4 Cape Town-Bremerhaven April/May 2011 (blue), 
ANT-XXVIII/5 Punta Arenas-Bremerhaven April/May 2012 (green) and ANT-XXIX/1 
Bremerhaven-Cape Town Oct/Nov 2012 (red). 
 
 
Figure 5 shows the time series of observed ratios of transmissivity. According to (1) 
obs,T were calculated with observed 

obs,I  from CORAS and the corresponding solar 
zenith angle obs,0 . The shaded time period illustrates a part with thin water clouds and 
clear sky segments, respectively. Largest values of 680,obs450,obs TT indicates a high ratio of 
Rayleigh scattering (a) whereas 1560,obs1670,obs TT (b) and 1250,obs1050,obs TT (c) become smallest. 
Especially sensitivity to effr decreases and agree with model results. However, both ratios 
increase when the cloud is getting thicker. The first part is obviously a more 
inhomogeneous cloud part because of fluctuations in the ratios, whereas the last part is 
more constant and represents a homogenous cloud scene. The combination of all 
information of the ratios makes it possible to retrieve  and effr from observations. 
Figure 6 show the retrievals of optical thickness (a) and effective radius (b) for the case 
study with the spectral 3D method. Since 1560,obs1670,obs TT has largest sensitivity to effr it is 
weighted by normalizing 680,obs450,obs TT and 1250,obs1050,obs TT to 1560,obs1670,obs TT . The 
normalization enhances the sensitivity to effective radius. According to figure 5 three 
cloud parts are obvious. In the beginning optical thickness increases from 13 to a constant 
value of around 20 except of some thicker parts. As shown in figure 5b, c effective radius 
varies from 5 µm to 30 µm because of larger ratios in the NIR wavelength range. The 
spread of the effr range represents an inhomogeneous water cloud. The gradual transition 
to thinner cloud parts is good to see in the optical thickness retrieval, however effective 
radius decrease rapidly. Mean values of  and effr  are about 1.5 and 2.3, respectively. As 
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the cloud is getting thicker both increase again, where the transition is good to see in both 
retrievals. Inhomogeneities in optical thickness are obvious. Regarding the effective 
radius the cloud is more homogeneous in comparison to the first part. Due to the 
weighting of 1560,obs1670,obs TT temporary inhomogeneities can be retrieved. 
Furthermore, it is planned to enhance the sensitivity to effective radius with a higher 
resolution of modeled transmissivity.  
 
 
Fig. 5: Time series observations of transmissivity ratios 680,obs450,obs TT (a), 1560,obs1670,obs TT
(b) and 1250,obs1050,obs TT (c) on 6 May 2012 from 9:45-10:30 UTC.  
 
Fig. 6: Time series plots of CORAS retrievals of optical thickness and effective radius on 
6 May 2012 from 9:45-10:30 UTC.  
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Summary and Outlook 
 
This paper introduces a new spectral 3D cloud retrieval to obtain cloud optical thickness 
and effective radius from ship-based spectral transmissivity measurements. The 
measurements of spectral radiation were performed in the scope of the OCEANET project 
during the Atlantic Ocean transfers of RV Polarstern. The spectral information of 
transmitted radiance is used to obtain the spectral transmissivity at the surface. Several 
ratios of transmissivity at certain wavelengths (450 nm to 680 nm, 1670 nm to 1560 nm, 
1050 nm to 1250 nm) were calculated to retrieve cloud microphysical properties using a 
minimum function of these three ratios.  
It is planned to compare the retrieval results with observations from the microwave 
radiometer aboard RV Polarstern. Using the retrieved    and effr  the liquid water         
path ( LWP) is calculated. Furthermore, focus of the research will be to consider different 
cloud patterns such as broken cloud situations and dusty cloud scenes. 
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